rhosis, and infections (2, 3) cause increased serum copper values (>1.5 mg/liter), as do also the increased concentrations of estrogen in serum in pregnancy or during the use of oral contraceptives (4) . Diagnosis and confirmation of the above-mentioned abnormalities depends on sensitive, accurate, precise, and rapid analytical methods for copper, whether the samples be on the macro-or micro-scale.
Several atomic absorption methods have been described for determination of copper in small samples. Copper in seawater has been measured by use of the graphite cuvette (5, 6) . Hartley and Ellis (7) determined copper in serum by electroplating the metal onto iridium wires, followed by direct atomic absorption spectrophotometry.
Ward et al. (1) describe a microsampling cup technique for copper analysis in which the Delves cup is attached to a modified atomic absorption spectrophotometer. Blomuield and MacMahon (4) determined copper in 10O-sl samples of blood plasma by extracting the ammonium l-pyrrolidine dithiocarbamate copper complex into 2.0 ml of n-butyl acetate, followed by atomic absorption spectrophotometry in an air-acetylene flame. Versieck et a!. (8) determined copper in serum by neutron activation. The carbon rod atomizer and atomic absorption spectrophotometry have been used (9) (10) (11) to determine copper in plasma and serum.
Here, we present a method for copper in which a graphite cuvette is used, which minimizes the major absorbance interferences found in samples from patients. By optimizing the accuracy of the method we are able to standardize the instrument with an aque-ous acid standard rather than a protein-based matrix, thus eliminating the problems involved in preparing and storing protein-based standards. This is a significant advantage of our analytical method.
In the procedure the serum is diluted 10-fold with 10 mmol/liter nitric acid, and then a l5-il aliquot is injected into the graphite cuvette. The aqueous copper standard is maintained at the same pH as the diluted patient sample. As little as 20 il of serum can easily be used in this method; thus it can be used for capillary blood samples when necessary.
Materials and Methods

Equipment and Reagents
All and after every sixth serum sample. The NBS material was also measured after the final serum sample each time a series of samples was analyzed for copper. This periodic monitoring of the NBS material served as a check on the stability of the standard curve and the accuracy of the method.
Sample Preparation
Sample preparation consists of diluting the serum 10-fold with 10 mmol/liter nitric acid, to give a final pH of about 3.0.
Sample preparation for this method evaluation was designed to permit recovery studies, method of standard additions, and patient serum sample comparisons to be performed on the same dilutions, thus enabling all three variables to be evaluated on each set of samples analyzed.
Procedure
Samples of patients' sera used in the method evaluation were handled as follows: Pipet 2.0 ml of the 10-fold dilution of serum and 20 il of 1.0 mmol/liter nitric acid into acid-washed 10-ml glass tubes. standard curve, the standards when multiplied by 10 (the dilution factor) are 0.33, 0.67, 1.0, 1.33, 1.67, and 2.0 mg of copper per liter.
Pipet serum samples and controls in triplicate, using 'S-Mi aliquots, and rinse the pipet with distilled water between each serum dilution or control. Average the absorbance values of the last two injections and determine the copper concentration from the standard working curve. For samples that have an abnormally high copper content, use S.O-Ml aliquots and multiply the answer by three. Thus the standard curve can be used for samples containing as much as 6.0 mg of copper per liter.
A more convenient method of sample preparation for large volume routine analyses is to make a 10-fold dilution of serum into an acid-washed 10-mi volumetric flask. This dilution can be pipetted directly into the cuvette without further manipulations.
The standard used in this case is a 0.10 mg/liter copper standard made in 1.0 mmol/liter nitric acid. The quantities of standard pipetted into the cuvette for the standard curve are 5-, 10-, 15-, 20-, 25-, and 3O-il aliquots with each quantity analyzed in triplicate.
The instrument settings are as detailed in Table 1 .
Results
Precision and Accuracy
A standard curve was analyzed with each set of samples to determine the linearity and sensitivity. The slope of the standard curve (sensitivity) varies slightly from time to time, depending on the age of the cuvette, the length of time that it has been in use, and other instrumental variables from run to run. Within-run precision was determined on three samples, the two NBS controls and a patient serum. Each value is the mean of duplicate analyses, the usual analytical procedure used with samples. Table  2 gives within-run precision data. Notice that the coefficient of variation ranges from 1.05% at 0.78 mg/liter and 0.96% at 1.57 mg/liter for the aqueousbased controls to 2.5% for the protein-based serum sample.
Day-to-day precision was established on the two NBS controls. These data (Table 2) represent the first control samples analyzed each day on a daily basis. The CV here is 2.1% at 0.78 mg/liter and 1.4% at 1.57 mg/liter.
Interferences
To optimize the accuracy of the method, we studied anion, cation, albumin, and surfactant (Triton X-100) interferences in the presence of copper standards diluted with 10 mmol/liter nitric acid. amincimethane, ammonium sulfate, and ammoniuzn acetate were studied in the presence of copper standards. We used salt concentrations from iO mol/ liter to 1.0 mol/liter in the presence of 0.5 and 1.0 mg/liter copper. Figure 2 shows a graphical presentation of the data with and without pH control. In each case, the standard reference was 1.0 mg/liter copper at pH 2.0. Notice the decrease in absorbance as the concentration of the salt increases. Sodium, potassium, and ammonium chlorides were chosen because sodium and potassium are the two most prominent cations in the serum and the ammonium chloride was used to verify that the interferences were caused by sodium or potassium and not by the chloride. Tris(hydroxymethyl)aminomethanp was chosen because it is a widely used buffer in biochemical research studies of proteins, and the ammonium acetate and ammonium sulfate were chosen because they are also widely used in isolating various proteins.
We observed while analyzing copper in the presence of high cation concentrations with no pH control, that precision decreased as salt concentration increased. A stepwise increase in analytical signal of the copper standard totaling 0.034 absorbance units noted, indicating that rinsing the pipet with water was not effective. An aliquot of 10 mmol/liter nitric acid was injected into the cuvette with an Eppendorf pipet. No signal for copper was observed, indicating that the graphite cuvette was not showing a "memory" effect. An aliquot of nitric acid was then injected with the Pressure-Lok pipet previously used for the precision study, and a copper signal of 0.149 A was observed. This observation indicates significant error can occur unless the sampling pipet is carefully cleaned between samples. Thorough rinsing of the Pressure-Lok pipet with 1.0 mol/liter nitic acid was necessary to remove the copper carry-over ("memory") in the syringe. The pH of the ammonium acetate was then changed to about 2.5, and the precision study was repeated. The observed absorbances were 0.154, 0.154, 0.158, 0.154, and 0.158 A. This precision study was performed with no pipet rinsing between injections. These data emphasize the importance of keeping the pH of the solutions within a pH range of 2-3, to prevent memory effects with the sample syringe.
Anion interferences.
Nitric acid, perchloric acid, sulfuric acid, phosphoric acid, acetic acid, and hydrochloric acid were studied in the presence of a 0.5 and 1.0 mg/liter copper standard. Figure 3 shows a graphical presentation of the anion effects on the copper signal. For each acid the standard reference shown is 1.0 mg/liter copper at pH 2.0. Sulfuric acid and acetic acid were chosen to check whether the effect of the ammonium salts was due to the ammonium cation or to the sulfate or acetate anions. Perchloric and phosphoric acids were chosen because they are common 
Albumin,
when injected into the cuvette in large amounts at high concentrations, produced much smoke. However, the smoke signal is eliminated when an albumin solution (10 g/liter) and a sample size of 15 Ml is used by increasing the charring-time cycle to 35 s.
Diluents.
Triton X-100, a commonly used wetting agent, was tested in the presence of copper. The signal was depressed by 11.0% to 8.0% without and with pH control of the sample. Serum was diluted 10-fold with nitric acid (10 mmol/liter) containing Triton X-100 (50 ml/liter). Again the serum diluted with Triton X-100 showed a depression in signal of about 8.0% from the serum diluted with nitric acid. (The standards and samples were all at pH 3.0.) Thus solutions of Triton X-100 were eliminated as possible diluents for the copper analyses.
Because doubly distilled water is used as diluent for serum samples in the flame method, we compared serum diluted 10-fold with doubly distilled water and with 10 mmol/liter nitric acid before cuvette analysis (Table 3 ). These data show that the pH requirements for diluted serum samples are not as critical as for non-serum-based samples, an observation consistent with findings for the lead method (12) .
Hemolysis.
Serum samples were compared before and after mechanical hemolysis of the erythrocytes. Table 4 shows that hemolysis does not significantly interfere and indicates that the concentration of copper in the erythrocytes is about the same as in the serum (3, 4) . pH. To further verify the necessity for controlling pH, a serum pooi was diluted with 10 mmol/liter HNO3 to produce various pH's from 3.0 to 7.6. As the pH of the solution was increased, the percent recovery of the standard decreased ( Figure 4) . However, when a standard was made in 1.0 mmol/liter nitric acid, the recovery when compared to the diluted serum sample at pH 3.0 was 100%.
Recovery Studies
To further evaluate the accuracy of the method we performed a series of standard addition (recovery) studies. Sera were individually analyzed with and without copper added in final concentrations of 1.00 and 2.00 mg/liter (Table 5 ). For the 14 samples at the 1.00 mg/liter concentration, the average percent recovery was 102%. For the eight samples at the 2.00 mg/liter concentration, the average percent recovery was 100%.
Inter-method Comparison
Next, we compared results for copper in patients' sera as measured by the present method and the acetylene-compressed air flame method, the data being obtained during six weeks and no more than 12 samples being analyzed per day. Values for copper in patients' sera ranged from 0.17 mg/liter to 2.49 mg/ liter, and the samples included specimens that were icteric, hemolyzed, or lipemic.
The flame atomic absorption method has been in routine use in our laboratory for more than nine years and is adequate for serum copper determinations. The accuracy of the method was established by using NBS alloy number 157a. The range of recovery in standard addition studies was from 95.3% to 99.3%. Day-to-day precision (CV) for the flame method over a nine-month period ranged from 0.9% for a 0.235 mg/liter standard to 1.9% for a 0.470 mg/liter standard. Hence we conclude the existing flame method is adequately accurate and precise to serve as the comparison method for this study. Table 6 gives a statistical summary of the 101 comparisons and Figure 5 illustrates the comparison for the individual samples.
DIscussion
The data from this evaluation show that the method is linear to 2.0 mg/liter copper, and with a reduction in sample volume the standard curve can be used to read copper concentrations up to 6.00 mg/liter. Sensitivity of the instrument changes slightly from day to day, but this has no effect on the results, because a standard curve is established with each group of sera analyzed.
The precision of the method is excellent. Day-today precision data are calculated from the average of duplicate determinations and reflect a narrow range for 95% confidence limits.
The method is accurate, as demonstrated by the NBS control data and the recovery data. Anion interferences are shown to be pH dependent and insignificant at pH 2-3. The depression in signal of sodium and potassium chloride and the lesser depression of ammonium chloride demonstrate that the sodium and potassium cations are responsible for the signal depression, not the anion chloride. Tris(hydroxymethyl)aminomethane caused a marked change in copper signal unless pH was controlled. The ammonium salts gave minimal depression of the copper signal without pH control and no depression with pH control.
The effect of hydrogen ion on absorbance shows that the copper signal decreases as pH increases from 1.0. None of the anion effects are as dramatic as the cation effects.
Because the flame method for copper makes use of serum diluted with water, we compared water vs. nitric acid as diluents for serum in the flame method, and saw no difference in signal. The signal for copper in serum seems to be less pH dependent than when the copper is in aqueous solution. Serum diluted with water has a pH of about 5.0, two pH units greater than when it is diluted with 10 molar nitric acid. However, for the graphite cuvette method it is critical to have the standards at an optimum pH when a standard curve is used to calculate concentration. As >-
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the previous data show, pH 3.0 is optimum in that most major anion and cation interferences are minimized at this pH.
Hemolyzed samples gave no significant change in copper concentration from the nonhemolyzed samples.
When percent recovery was studied in the presence of serum samples of varying pH values, the percent recovery increased as the pH of the serum samples approached the pH of the standard. Comparison data indicate that the cuvette method compares quite favorably with the flame method.
Thus, the method we have presented for determining copper is rapid, accurate, precise, and requires as little as 20 Mi of serum for analysis. The length of time required to process one sample through the established programmed sequence is 77s. Sample carryover in the syringe was so difficult to eliminate even with HNO3 rinsing that we used the initial sample injection to further minimize these errors. Hence the analytical protocol calls for analysis of each sample in triplicate but the use of the mean of only the last two injections.
Use of the deuterium background corrector was found to be unnecessary at the dilutions used when 10 mmol/liter HNO3 acid was the diluent. We further examined the signal obtained at a wavelength at which copper is nonabsorbing, and found it to be insignificantly small with our dilutions. Hence, we can conclude that background correction in this instance is not necessary.
